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Bone substitute material 

This invention relates to a method of fabricating a 
bone substitute material and to a bone substitute 
material that can be produced by such a method. 

5 An important parameter of a bone substitute 

material is its porosity. In the past, two methods have 
commonly been used to fabricate such porous materials. 
A first method involves embedding organic particles in a 
ceramic body and subsequently burning out the organic 

10 particles to leave pores in the implant material. A 
second method involves the use of a porous substrate 
into which a ceramic slip is introduced. After drying 
the slip, heating serves both to burn out the substrate 
material and to sinter the slip. An example of such a 

15 method is described in a paper entitled "Hydroxyapatite- 
based porous aggregates: physico-chemical nature, 
structure, texture and architecture" by M. Fabbri, G. C. 
Celotti and A. Ravaglioli (Biomaterials 1995, Vol 16, 
No'. 3, p 225) . This invention relates to an improved 

20 method of the second type involving the use of a porous 
substrate. 

In the method described in the paper referred to 
above, a ceramic slip was introduced into a spongy body 
taking care to leave its pores open. The body was then 

25 first dried and then sintered producing final products 

with a porosity in the range of 70 to 85% with densities 
in the region of 0.5 to 0.9g/cm 3 . Such a product 
clearly has a high porosity but the mechanical strength 
of the product, described by the authors as satisfactory 

30 when allowing for use under loads that are not too high, 
is clearly not sufficient for many applications. 
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It is an object of the invention to provide an improved 
method of fabricating a bone substitute material and to 
provide an improved material that can be produced by 
such a method, 

5 According to the invention there is provided a 

method of fabricating a bone substitute material, the 
method comprising the steps of: 

providing a foam material having an open cell 
structure, substantially filling the cells of the foam 
10 material with a ceramic slip, 

removing the foam material, 

sintering the ceramic slip to form a bone 
substitute material that is substantially a negative 
image of the foam material. 

15 We have found that by adopting the method defined 

above it is possible, by suitable selection of the foam 
material, to obtain a bone substitute material of a 
chosen pore size and a chosen and relatively high degree 
of interconnection between the pores. In the bone 

20 substitute material produced by this method, the pores 
in the material (other than the micropores of less than 
10 \m equivalent diameter) are generally in fluid 
communication with all adjacent pores; also walls around 
the pores are generally connected to adjacent walls 

25 extending in other directions. Also, it is possible to 
obtain a material that has consistent properties 
throughout its volume, or if desired and as explained 
below, a material that has a chosen variation in 
properties from one region to another. 

30 An important feature of the method is that the 
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cells of the foam material are substantially filled with 
the ceramic slip rather than the cell walls alone being 
coated as in the method described in the paper referred 
to above. In the latter case, the resulting product 
5 would be a positive image of the foam material but the 
ceramic parts of the structure would be hollow and 
therefore less strong. 

The foam material may be removed by any suitable 
process, including for example immersion of the filled 
10 foam material in a solvent. It is preferred, however, 
that the step of removing the foam material comprises 
heating the material. The foam material may be a 
polymeric foam material, for example a polyurethane foam 
material, and may be removed by combustion. 

15 When the foam material is removed by heating, the 

method preferably comprises a first heating step in 
which the foam material is removed and a second, 
subsequent, heating step in which the ceramic slip is 
heated to a higher temperature and is sintered. 

20 Although the two heating steps may be merged into a 

single step, it is preferred that the first heating step 
is a gentle step allowing the foam material to be 
removed gradually. Preferably the temperature to which 
the filled foam material is heated does not exceed 

25 800°C. Also, the temperature of the filled foam 

material is preferably increased slowly, preferably at a 
rate of less than 200°C/hr and more preferably less than 
100°C/hr. In an example of the invention described 
below, the filled foam material is raised to a 

30 temperature of 600°C at a rate of 60°C/hr in the first 
heating step; the material is then maintained at a 
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temperature of 600 °C for 1 hour. 

The heating step for sintering, which is the second 
heating step in the case where there are first and 
second heating steps, preferably involves heating the 
5 filled material to over 1,000°C. Preferably the 

material is maintained at a temperature of over 1,000°C 
for more than 1 hour. In the example of the invention 
described below, the second heating step comprises 
raising the temperature from 600°C to 1280°C at a rate 
10 of 120°C/hr and then maintaining the material at 1280°C 
for 4 hours. Subsequently the material is cooled back 
to room temperature at the rate of 200°C/hr. 

In order to promote substantial filling of the 
cells of the foam material it is preferred that the step 

15 of filling the cells of the foam material is carried out 
a plurality of times, typically twice. More 
particularly, the step of substantially filling the 
cells of the foam material with a ceramic slip 
preferably includes the steps of immersing the foam 

20 material in the ceramic slip, drying the ceramic slip 
and again immersing the foam material in the ceramic 
slip. We have found that carrying out the impregnation 
twice greatly facilitates the filling of the cells of 
the foam material. 

25 We have also found that filling of the cells of the 

foam material with the ceramic slip is assisted if the 
ceramic slip is relatively viscous. Preferably the 
viscosity of the ceramic slip is more than 6000 cps and 
more preferably more than 8000 cps. Preferably the foam 

30 material is placed in a low pressure environment for 
each immersion of the material in the ceramic slip. 
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Filling of the foam material by the slip is facilitated 
if most of the air is removed from the foam material. 

The porous properties of the bone substitute 
material formed by the method of the invention are 
5 determined to a considerable extent by the properties of 
the foam material. In certain applications it will be 
desirable for the bone material to have the same 
properties throughout its volume and in that ordinary 
case a foam material having the same structure 

10 throughout its volume can be employed. In other 

applications, however, it may be desirable to vary the 
properties; for example, it may be desirable for there 
to be a gradual change in the size and/or shape of the 
cells of the foam material through at least a region of 

15 the foam material. While a gradual reduction in cell 
size may be obtained by providing a corresponding 
gradual change in the foam material per se, another 
approach is to distort the polymeric foam material into 
a state, other than its natural state, to provide a 

20 variation in the sizes of the cells in the material. 
For example, the foam material may be compressed in a 
region to reduce the cell size in that region of the 
foam material. It will be appreciated that reducing the 
size of a cell in the foam material serves to increase 

25 the porosity of the bone substitute material, since that 
is a negative image of the foam material. 

Instead of, or in addition to, providing a gradual 
change, there may be a step change in the size and/or 
shape of the cells of the foam material in a region of 
30 the material. For example, two or more pieces of foam 
material having different open cell structures may .be 
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secured together, for example by sewing, to provide the 
foam material. In that case the bone substitute 
material formed may have a step change in its properties 
of porosity from one region of the bone material to 
5 another. 

The foam material may be provided in any of a wide 
range of sizes. In Examples of the invention described 
below the foam material is in the form of cubes with 
sides measuring 25 mm. ■ The invention may, however, 

10 employ much smaller or bigger pieces of foam material 
and the pieces may be in shapes other than cubes. For 
example, the foam material may comprise pieces that, 
whether or not they are cubes, have a maximum dimension 
of less than 12 mm. More particularly, pieces of foam 

15 material may be of generally cubic shape having sides of 
a length less than 10 ram and preferably in the range of 
2 to 8 mm. Small pieces of foam of the kind described 
immediately above may be employed to produce individual 
granules of material. Those granules may together 

20 provide a granular material. The properties of the 
individual granules may all be the same but they may 
also vary. For example, there may be relatively large 
granules mixed with relatively small granules. A 
variety of sizes of granule promotes close packing but 

25 it may also be desirable to supply the granules in a 
series of ranges of size with relatively little size 
variation within each range. A purchaser can then 
select whatever mixture of sizes is appropriate for a 
particular application. The granules may be formed in 

30 irregular shapes by using irregular pieces of foam which 
may be of varying size and/or of varying shape. 
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The bone substitute material, whether it is 
granular or not, may be treated after it has been 
sintered to alter the shape and/or reduce the size of 
pieces of the material. The treating of the bone 
5 substitute material may comprise a crushing step and/or 
it may comprise a milling step. In either case the 
pieces of the material may be of a consistent shape and 
size or may have a variety of shapes and sizes. A 
variation in size or shape may be of advantage in some 
10 applications but if it is desired to have relatively 
little variation in the size and shape of relatively 
. small pieces of material, it may be desirable to 
introduce one or more sieving steps. 

The sintered bone substitute material may be 
15 composed of any suitable ceramic material. 
Hydroxyapatite (HA, chemical formula 
Caio(P0 4 ) 6 (OH)2,Ca/P=1.67) is one of the preferred 
materials, together with tricalcium phosphate (TCP, 
Ca/P-1.50). In the example of the invention described 
20 below the sintered product is a mixture of HA and TCP. 

According to another aspect of the invention there 
is provided a bone substitute material comprising a 
porous sintered ceramic that is a negative image of the 
structure of an open cell foam with pores in the 
25 material corresponding to walls of the foam cells and 
with substantially solid walls of the pores 
corresponding to cells of the foam. 

It should be noted that while the bone substitute 
material is, for convenience, defined by reference to 
30 the open cell foam this aspect of the invention is 

directed to the material per se and is not limited to 
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any particular method of making the material. Thus, 
while it is preferred that the bone substitute material 
•is made by the method defined above, that is not 
essential . 

5 The pores are preferably relatively large with the 

majority of the macropore volume comprising pores having 
an equivalent diameter of more than 100pm. Preferably, 
the majority of the macropore volume comprises pores 
having an equivalent diameter in the range 100pm 
10 to 500pm. Where reference is made in this specification 
to macropores, that is to be taken as a reference to a 
pore having an equivalent diameter greater than 10 pm. 
Pores of smaller diameter are referred to as micropores. 

The overall porosity of the bone substitute 
15 material may be relatively low, for example less 

than 15%. Similarly, the density of the bone substitute 
material may be relatively high, for example more 
than 2g/cm 3 . 

In examples of the invention described below the 
20 compressive strength of the material is more than 20MPa, 
and more particularly is in the range of 20 to 80 MPa. 

For certain applications it is preferred that there 
is a gradual change in the size and/or shape of the 
pores of the material through at least a region of the 
25 material, and for other applications or the same 

applications it may be preferred that there is a step 
change in the size and/or shape of the pores of the 
material , 

The bone substitute material may be a single piece 
30 but it may also be a granular material. Preferably the 
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granules have a maximum dimension of less than 12 ram. 
The granules of the ceramic material may be of generally 
cubic shape; in that case, the sides of the cubes are 
preferably 2 to 8 mm in length. The granular material 
5 may comprise a multiplicity of granules of bone 
substitute material with substantially all of the 
granules being of substantially the same size or with 
the granules being of varying sizes. The edges of the 
granules may be rounded or they may be sharp. In 
10 examples of the invention, the compressive modulus of 
the granular material at a load of 1000 N was more 
than 60 MPa and, more particularly, in the range of 60 
to 100 MPa. The compressive modulus is measured in a 
standard die plunger test. 

15 By way of example, an embodiment of the invention 

will now be described with reference to the accompanying 
drawing, of which: 

Fig. 1 is a schematic drawing of apparatus for 
filling a foam material with ceramic slip. 

20 The exemplary method described below employs two 

starting materials: firstly, an organic foam material 
having an open cell structure with each cell connecting 
to each neighbouring cell; secondly, a ceramic slip. 

The method is carried out employing the apparatus 
25 shown schematically in Fig. 1 where a vacuum pump 1 is 

shown with a vacuum- vessel 2 mounted on its top. Inside 
the vacuum vessel 2 is a container 3 in the bottom of 
which a piece of foam material 4 is held in a pair of 
meshes 5. A beaker 6 contains the ceramic slip and a 
30 plastic tube 7 extends from the beaker 6 into the top of 
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the container 3, passing through the lid of the vacuum 
vessel 2. Partway along the tube 7 an adjuster 8 is 
provided to control the flow of the slip along the 
tube 7 . 

5 At the start of the method, the adjuster 8 is 

closed, the foam piece 4 is held in an unstressed state 
between the meshes 5, which are shaped to provide the 
desired support, and is placed with the meshes in the 
bottom of the container 3. The vacuum vessel 2 is then 
10 closed and the pressure in the vessel 2 reduced to below 
atmospheric pressure by operation of the vacuum pump 1. 

As the pressure in the vessel 2 reduces, air in the 
foam piece 4 passes out of the foam, maintaining the 
pressure inside and outside the foam piece 4 at 
15 substantially the same level. ' 

Once the desired low pressure in the vessel 2 has 
been reached, so that there is substantially no air in 
the vessel 2, including the foam piece 4, the adjuster 8 
is opened a little to allow the ceramic slip in the 

20 beaker 6 to be forced up the tube 7 into the container 
3. As will be understood, the ceramic slip enters the 
open cell structure of the foam piece 4 and is unimpeded 
during that process . Once the foam piece 4 is fully 
immersed in the ceramic slip the adjuster 8 is closed 

25 again. The interior of the vacuum vessel is then 

vented; during that venting any cells in the foam piece 
4 that have not been filled entirely by the ceramic slip 
are filled. 

The foam piece 4 and meshes 5 are then removed from 
30 the container 3 and placed on tissue to allow the slip 
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to dry. As the slip dries some slip is observed 
draining from the foam piece 4. 

Once the slip is dry it is replaced, together with 
the meshes 5, in the container 3 and the steps of 
5 evacuation, immersing in the slip, relieving the 

pressure, removing from the container 3 and drying are 
all repeated. At the end of these repeated steps, the 
foam piece 4 is found to be substantially full of 
ceramic slip material, 

10 The filled foam piece 4 is then slowly heated from 

room temperature to cause the organic foam to decompose 
slowly and completely by combustion, the products of the 
decomposition being allowed to escape from the foam 
piece 4. The heating is then increased substantially to 

15 sinter the ceramic slip and form the bone substitute 
material . 

After sintering, the resulting product can be 
machined to a desired size and cleaned. 

As may be ascertained from the description above, 
20 the product generated by the method has ceramic material 
substantially wherever the foam material had cell 
spaces, and pores wherever the cell walls of the foam 
material were present. 

Examples of the method of the invention are 
25 described below: 

Examples 

The Examples employed a piece of polyurethane foam 
of approximately cubic shape with each side of the cube 
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measuring 25mm, The Examples differed only in the 
porosities of the foams, which were 20, 30 and 45 ppi. 

The ceramic slip material was based on calcium 
. phosphates and used different amounts of powders known 
5 as TCP 118 and TCP 130 mixed with distilled water. In 
the Examples the percentage by weight of each of the 
components referred to above was: 

% by weight 

TCP 118 25 

10 TCP 130 25 

Distilled water 50 

The mixture was ball milled in a polyethylene 
container, using Zr0 2 balls as milling media, for 24 
hours . 

15 Then Dispex A40, a non-sodium based dispersant 

available from Allied Colloids Limited, was added to 
adjust the viscosity. In the example, the amount of 
Dispex A40 added was 15ml and this resulted in a 
viscosity, as measured using a Brookfield viscometer 

20 using a spindle speed of lOrpm and a No. 5 spindle, 
of 10000 cps. 

After each immersion of the foam piece in the slip 
it was dried at room temperature for 24 hours and then 
dried in an oven at 40°C for another 24 hours. 

25 After completion of the second drying step, the 

filled foam material was again placed in an oven at a 
temperature which was increased at the rate of 60 °C per 
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hour from room temperature, until a temperature of 600°C 
was reached. The oven was then held at a temperature 
of 600°C for 1 hour to complete a first stage of 
heating. During this slow and relatively gentle heating 
5 all of the polyurethane foam decomposed, and the green 
porous material was left. The temperature of the oven 
was then further increased for a second stage of heating 
at the rate of 120°C per hour until it reached 1280°C. 
The temperature was maintained at 1280 °C for 4 hours 
10 and then cooled back to room temperature at the rate 
of 200°C per hour. At the end of the second stage of 
heating the sintered material had been formed. 

The sintered material so formed had an apparent 
density of approximately 2.6 g/cm 3 and an overall 

15 porosity of 25% with most of the pores having an 

equivalent diameter in the range of 100 to 500pm. The 
material was relatively strong having a compressive 
strength of between 20 and 80 MPa and there was a high 
degree of interconnection between adjacent pores with 

20 pores generally being in fluid communication with all 
adjacent pores. Equally, there was a high degree of 
interconnection of the sintered material with walls 
around the pores generally being connected to adjacent 
walls extending in other directions. The sintered 

25 material produced comprised biphasic HA and TCP. 

The example above was repeated using different 
solids loadings and different amounts of Dispex A40 to 
vary the viscosity of the ceramic slip and using 
different foams. Solids loadings ranging from 40% 
30 to 65% by weight of solids were tested, with Dispex A40 
added to reduce the viscosity from a maximum of 
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about 18000 cps (with no Dispex A40 added) down to 
about 5000 cps. The preferred viscosity range was found 
to be about 6000 to about 10000 cps. 

As previously indicated, three foam materials were 
5 tried, having porosities of 20 ppi, 30 ppi and 45 ppi . 
In each case the foam material had a uniform cell 
structure throughout its volume, with most of the 
cells having an equivalent diameter in the range of 100 
to 250]jm. The samples employed were all cubes of the 
10 same size as in the example above. Different foam 
materials resulted in sintered products of different 
porosities . 

A cube of foam was modified by sewing together the 
opposite faces of the cube at one end to compress that 

15 end of the cube to about half its original height. That 
foam sample resulted in a sintered product whose 
porosity varied from one end to the other, the porosity 
being relatively high at the end where the faces were 
sewn together and relatively low at the opposite end. 

20 Such a variation in porosity can be of particular 
advantage in simulating the bimodal structure of 
cortical and cancellous bone. 

A sample of foam was also prepared by sewing 
together along adjoining faces a cube of foam of 20 ppi 

25 and a cube of foam of 45 ppi. That foam sample resulted 
in a sintered product whose porosity varied in a step 
change across a central dividing plane. Despite the 
discontinuity in the product along that plane, it was 
found that the mechanical strength of the product was 

30 not unduly weakened, presumably because there remain 

many portions of sintered material traversing the plane. 
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While in the Examples described above the foam 
cubes had sides measuring 25mm, the invention may employ 
much smaller or bigger pieces of foam material. For 
example, each foam piece may be generally in the shape 
5 of a cube whose sides are of a length in the range of 2 
to 8 mm. Such small pieces of foam may be employed to 
produce individual granules of material, which together 
provide granular material. The precise shapes of the 
granules are determined by the shapes of the pieces of 

10 foam material and any post-treatment of the granules. 

For example, the granules may be milled after they have 
been formed to round off their edges. It is also 
possible to crush larger granules or even larger pieces 
of material to form granules of a desired size. A range 

15 of sizes of granules can be produced in this way. In 
particular examples, granules in the size range of 2 
to 4 mm were prepared and their compressive modulus 
measured by a standard die plunger test. The modulus at 
a load of 1000 N was in the range of 60 to 100 MPa. 

20 When the pieces of foam are relatively small it may 

be advantageous to place many of them together in the 
vacuum vessel and fill them simultaneously with ceramic 
slip, rather than treating each piece individually. 
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Claims 

1. A method of fabricating a bone substitute material, 
the method comprising the steps of: 

providing a foam material having an open, cell 
5 structure, substantially filling the cells of the foam 
material with a ceramic slip, 

removing the foam material, 

sintering the ceramic slip. to form a bone 
substitute material that is substantially a negative 
10 image of the foam material, 

2. A method according to claim 1, in which the step of 
removing the foam material comprises heating the 
material. 

3. A method according to claim 2, in which the method 
15 comprises a first heating step in which the foam 

material is removed and a second, subsequent, heating 
step in which the ceramic slip is heated to a higher 
temperature and is sintered. 

4. A method according to any preceding claim, in which 
20 the step of substantially filling the cells of the foam 

material with a ceramic slip includes the steps of 
immersing the foam material in the ceramic slip, drying 
the ceramic slip and again immersing the foam material 
in the ceramic slip. 

25 5. A method according to claim 4, in which the foam 
material is placed in a low pressure environment for 
each immersion of the material in the ceramic slip. 
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6. A method according to any preceding claim, in which 
there is a gradual change in the size and/or shape of 
the cells of the foam material through at least a region 
of the foam material . 

5 7. A method according to any preceding claim, in which 
the foam material is held in a deformed state during the 
step of substantially filling the cells of the foam 
material with ceramic slip. 

8. A method according to any preceding claim, in which 
10 there is a step change in the size and/or shape of the 

cells of the foam material in a region of the material. 

9. A method according to any preceding claim, in which 
two or more pieces of foam material having different 
open cell structures are secured together to provide the 

15 foam material. 

10. A method according to any preceding claim, -in which 
the foam material comprises pieces having a maximum 
dimension of less than 12 mm. 

11. A method according to any preceding claim, in which 
20 the foam material comprises pieces of generally cubic 

shape having sides of a length less than 10 mm. 

12. A method according to any of claims 1 to 10, in 
which the foam material comprises pieces of irregular 
shape . 

25 13. A method according to any preceding claim, in which 
the bone substitute material is a granular material. 

14. A method according to any preceding claim, in which 
the foam material is a polymeric foam material. 
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15. A bone substitute material comprising a porous 
sintered ceramic that is a negative image of the 
structure of an open cell foam with pores in the 
material corresponding to walls of the foam cells and 

5 with substantially solid walls of the pores 
corresponding to cells of the foam. 

16. A bone substitute material according to claim 15, 
in which the overall porosity of the material is less 
than 15 per cent. 

10 17. A bone substitute material according to claim 15 
or 16, in which there is a gradual change in the size 
and/or shape of the pores of the material through at 
least a region of the material. 

18. A bone substitute material according to any of 

15 claims 15 to 17, in which there is a step change in the 
size and/or shape of the pores of the material. 

19. A bone substitute material according to any of 
claims 15 to 18, in which the density of the material is 
more than 2g/cm 3 . 

20 20. A bone substitute material according to any of 

claims 15 to 19, in which the compressive strength of 
the material is in the range of 20 to 80 MPa. 

21. A bone substitute material according to any of 
claims 16 to 20, in v/hich the material is a granular 

25 material. 

22. A bone substitute material according to claim 21 
comprising granules having a maximum dimension of less 
than 12 mm. 
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23. A bone substitute material according to claim 21 
or 22 in which the granules are of irregular shape. 

24. A bone substitute material according to any of 
claims 21 to 23, in which the granular material has a 

5 compressive modulus at a load of 1000 N in the range of 
60 to 100 MPa. 



25. A bone substitute material made by a method 
according to any of claims 1 to 14. 
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